• Among the various chemical agents known to constrict the pulmonary vessels, 5-hydroxytryptamine (5-HT) is the most consistent and powerful vasoconstrictor (see references listed in review 1 ). The vasoconstriction has been demonstrated in two types of preparations: (a) the intact animal in which the rise in pulmonary arterial pressure induced by 5-HT has been shown to be largely due to pulmonary vasoconstriction and partly due to increased blood flow and (b) the isolated lung preparation perfused with a pump at a constant flow of blood in which the rise in pulmonary arterial pressure induced by 5-HT is entirely due to pulmonary vasoconstriction.
Between these two extremes of experimental preparations is the heart-lung preparation in which it is possible to control independently each of the following three factors: the venous return and the pulmonary blood flow, pulmonary vascular resistance imposed by intraalveolar pressure, and left atrial pressure as exerted by aortic resistance. It is surprising to note that there are no available studies of 5-HT and other vasoconstrictors on such a classical preparation. The experiments reported below are intended to fill this existing gap. Unlike the isolated lung or intact animal preparation, the heart-lung preparation offers an opportunity to assess the importance of right ventricular function in determining the level of pulmonary hypertension induced by 5-HT. By supplementary use of acetyl stro- 
4*6
phanthidin and by assuring intact sympathetic innervation, it is possible to show that the initial vasoconstriction by 5-HT is followed by an improvement in emptying of the right ventricle. On the other hand, in the absence of sympathetic nerves, the vasoconstriction is accompanied by a reduction in pulmonary blood flow by interference in right ventricular function. Almost all previous attempts to relate ventricular function to pulmonary resistance have been based on mechanical obstruction by embolization or arterial ligation.
Methods
Mongrel dogs were anesthetized with morphine 3iufate (2 mg./Kg. subentaneously) and chloralose (70 mg./Kg. intravenously). Two types of preparations were used.
HSART-LUNG PREPARATION (15)
The heart-lung preparation was performed in the manner described by Knowlton and Starling." The arterial cannula was inserted into the left subclavian artery and the Starling resistance set at 100 to 140 mm. Hg. The venous reservoir was at a level of 15 to 35 cm. above the right atrium, and the venous cannula was inserted into the inferior vena cava. The temperature of the blood entering the right atrium was between 38 and 39 C. A Coumand double-lumen catheter was inserted into the right ventricle through the superior vena cava and connected to two Statham transducers for recording right ventricular and pulmonary arterial pressure. A third transducer was used for recording left atrial pressure by means of a plastic catheter inserted into the atrial appendage. A Shipley-Wilson rotameter was inserted distal to the Starling resistance for direct measurement of the systemic flow (cardiac output minus coronary flow). All the above measurements were simultaneously recorded on a four-channel Sanborn PolyViso. In every case, after the preparation was completed, at least 10 minutes were allowed for stabilization. The drugs were injected either into tlie venous cajinula (right atrial) or left atrial catheter. The doses of 5-HT are expressed in terms of mg. of the base per Kg. weight of the experimental dog. Responses to right atrial injection of 5-HT (all 5 /xg./Kg.) in the intact dog after conversion to a hsart-lung preparation and after injection of acetyl strophanthidin. Note enhanced response of mean pulmonary arterial pressure after strophanthidin.
CONTINUOUS MEASUREMENT OF PULMONARY BLOOD FLOW IN THE INTACT DOO (4)
A glass cannula was inserted into the vein of the left lower lobe. All the effluent blood passed through a Shipley-Wilson rotameter and then into a reservoir which was at the level of the left atrium. The blood collected in this reservoir was automatically returned to the femoral artery of the dog by a Sigmamotor pump. A pressure device and relay allowed a steady level of blood in the reservoir in spite of fluctuations in venous flow. Although the venous outflow measured by this method represents only one lobe, it is felt that it can be regarded as a reasonable estimate of flows in all lobes or of total pulmonary blood flow. 8 In the same dog, pressures in the right ventricle, pulmonary artery, and aorta were measured by appropriate catheters attached to three transducers. Total pulmonary vascular resistance was calculated by dividing the difference between pulmonary arterial pressure and left
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atrial pressure (constant to be 2 mm. Hg above the zero level of the pulmonary arterial pressure) by the venous outflow in ml./min.
Results
The original plan consisted of challenging the pulmonary circulation to obtain the maximum level of pulmonary arterial pressure. The specific procedures were as follows: (a) elevation of the level of venous reservoir to obtain an increase in pulmonary blood flow, (b) temporary ligation of one pulmonary artery, (c) elevation of expiratory pressure of both lungs, and (d) right atrial injection of 5-HT. Each procedure succeeded in demonstrating a rise in right ventricular systolic pressure and mean pulmonary arterial pressure, but the first six dogs terminated in pulmonary edema so that Responses of right ventricular systolic pressure to right atrial injection of 5-HT (3 to 15 jxg./Kg.) under the following conditions: intact, after conversion to heart-lung preparation, and after strophunthidin (5 to 7 jxg./Kg.). Ordinate represents control level of systolic pressure, and abscissa represents level after injection of 5-HT. The larger symbols represent the mean of all injections. Note the higher levels after acetyl strophanthidin as compared to those before injection in the heart-lung preparation. Note also the higher level in the intact dog.
were dropped in favor of (d), which alone was tested in the remaining nine heart-lung preparations.
A. RIGHT VENTRICULAR PRESSURE
The direct measurement of pressure in the right ventricle of the heart-lung offered an opportunity to detect the effect of 5-HT simultaneously on the right ventricle and pulmonary vessels following the injection of 5-HT. The right ventricular systolic pressure is known to be equal to pulmonary arterial systolic pressure, which in turn is dependent on the actual right ventricular stroke volume and pulmonary vascular resistance. Such a dependence was confirmed by demonstrating in the heart-lung preparation a rise in right ventricular systolic pressure following a rise in level of venous reservoir and also following a rise in intrapulnionary pressure. Since both conditions were constant during injection of 5-HT, the observed responses in right ventricular systolic pressure could be the out-come of local pulmonary vasoconstrietion as well as of improvement in systolic emptying of the right ventricle. A distinction between these two possibilities was accomplished by injecting 5-HT into either the right or left atrium .under the following conditions: (1) prior-to conversion into heart-lung preparation, (2) in the completed heart-lung preparation, and (3) after administration of strophanthidin. The typical effects are depicted in figure 1, and each situation is discussed below.
Prior to Conversion to Heart-lung Preparation
The injection of 50 to 100 ,ug. 5-HT into the right atrium caused an immediate rise in right ventricular systolic pressure lasting for about a minute ( fig. 1 , left). This rise was usually followed by a fall to a level lower than control which lasted for a briefer period. A comparison of a number of such responses with those following left atrial injection of an equivalent dose suggests that the increase in systolic pressure arose largely from pulmonary vasoconstrietion because it was less conspicuous after left atrial injection. On the other hand, the secondary fall was encountered when 5-HT was injected into either atrium, so that the fall in systolic pressure was dependent on the effect of 5-HT on the heart or on the systemic circulation. The injections into the heart-lung preparation did not show this secondary fall so that the most probable cause is an action of 5-HT on the systemic circulation rather than on the heart.
a. Haart-Lung Praparatlon
The effects of 5-HT after conversion to a .heart-lung preparation were different from • those prior to conversion in three respects. One of them has been stated above (lack of secondary fall in systolic pressure). The second was that the intensity of the rise in right ventricular pressure was less in the heart-lung preparation as compared to tlmt prior to its conversion ( fig. 1, middle) . This situation was encountered in five dogs and was probably related to the lower level of right ventricular systolic pressure after conversion to the heart- lung preparation. A third difference was that the intensity of rise in systolic pressure following left atrial injection was less than that prior to conversion, and again, this result was probably related to a lower level of right ventricular systolic pressure in the heart-lung preparation.
Acotyl Strophonthldln
The administration of this glycoside (5 jxg./ Kg.) in the heart-lung preparation brought about an enhancement in the response to 5-IIT. The increase was accompanied by a rise in control level of systolic pressure, so that it was not possible to claim the enhancement was entirely due to an increase in reaction of the heart.
Doie-Rasponse Curve
Although three doses of 5-HT were used, it was uot possible to demonstrate a conspicuous, 
B. MEAN PULMONARY ARTERIAL PRESSURE
The control values and levels of mean pulmonary arterial pressure following injections of 5-HT are summarized in figure 3. For right atrial injection the results were as follows: In the intact dogs the meau value after the injection of 5-HT was 20 mm. Hg, with a maximum level of 28. After conversion into heart-lung preparation, the mean level was 18.5, with a peak level of 31.5 mm. Hg. Finally, after the administration of acetyl strophanthidin, the respective values were higher, mean 21 and peak 40. Thus, the directional effects of conversion to heart-lung preparation and the administration of acetyl strophanthidin on responses of mean pulmonary arterial pressure were similar to those on right ventricular systolic pressure.
Unlike right ventricular systolic pressure the mean pulmonary arterial pressure showed a direct relationship between the size of the close and the change in mean pulmonary arterial pressure. The rises in mean pulmonary arterial pressure following the right atrial injection of 5-HT are summarized in figure 4 . Three dogs were subjected to doses ranging from 0.3 to 6.6 /xg./Kg. and three other dogs to doses from 3.3 to 13 ^g./Kg. In each group the potentiation by strophanthidia was observed. For the same dose the rises in pressure induced by 5-HT were greater after strophanthidin, as compared to those prior to strophanthidia. The largest dose (13 /^g./Kg.) did not induce twice as much response encountered from half the dose (6 ^g./Kg.).
C LEFT ATRIAL PRESSURE AND PRESSURE GRADIENT IN THE LUNG
The left or right atrial injections of 5-HT did not alter the level of left atrial pressure.
Thus, the expression of results in terms of pressure gradient between pulmonary artery and left atrium was essentially similar to that described for mean pulmonary arterial pressure. The rises in pulmonary arterial pressure following 5-HT could not be due to a retrograde rise from the left atrium back to the pulmonary artery. The ultimate cause must be a local constriction of the pulmonary vessels, which was supported even further by the observations in aortic blood flow.
D. AORTIC BLOOD FLOW
In the heart-lung preparation the injection of 5-HT caused a transient fall in aortic blood flow ( fig. 1 ). This fall lasted for a fraction of a minute and was sometimes preceded or
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PtTLMONABY HYPERTENSION BY 5-HT 471 followed by a rise of shorter duration. Any rise in flow was proportionately less than the rise in pulmonary arterial pressure so that the major cause of the latter must have been vasoeonstriction in the heart-lung preparation.
E. PULMONARY BLOOD FLOW IN THE INTACT DOG
The most surprising observation, in view of the available reports to the contrary, M' as the fall in aortic blood flow encountered after either left or right atrial injection of 5-HT in the heart-lung preparation. The next step was to measure pulmonary blood flow in intact dogs. The collection of flow in one lobar vein allowed a simultaneous comparison of the behavior of pulmonary blood flow and pulmonary arterial pressure. Four dogs were intentionally vagotomized to eliminate vagal action of 5-HT (stimulation of aortic body chemoreceptors, increased afferent vagal tone to the heart by central or reflex action). The essential features of the results were as follows:
1. The single injection of 5-HT (2.5 to 10 /ag./Kg.) as well as its infusion (10 to 20 /xg./ Kg./min.) into the right atrium caused a consistent rise in pulmonary blood flow. This rise was accompanied by a rise in right ventricular systolic and mean pulmonary arterial pressure ( fig. 5 ). The latter was evaluated for a period longer than that of flow, so that the cause of the pulmonary arterial hypertension was a local increase in pulmonary vascular resistance.
2. The single injection of 5-HT (2.5 to 10 jug./lvg.) directly into the left atrium caused a less intense rise in pulmonary blood flow as compared to the rise following right atrial injection. The difference in intensity held true also for the rise in mean pulmonaiy arterial pressure. The differences between the two sites of injection depend on the ability of 5-HT to reach the pulmonary vessels immediately after right atrial injection, whereas the lungs are bypassed following left atrial injection. The latter would reflect the actions of 5-HT distal to the left atrium, such as on the coronary, cerebral, and peripheral circulation. On the other hand, the injection into
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HCUtT-LUNO A A INTACT 000 O • FIGURE 6
Percentage changes in flow following injections of 5-3T. The flow responses in the heart-lung preparations refer to systemic or aortic flow. Adjacent or connected triangular symbols refer to left and right atrial injections derived from the same dog. The flow responses in the intact dog refer to pulmonary venous flmv; connected circles refer to response in the same dog.
the right atrium would mean that these peripheral actions would be preceded by an action of 5-HT on the pulmonary vessels. The means by which a primary constriction of pulmonary vessels can increase pulmonary blood flow was explored next ( fig. 6 ).
3. Upper thoracic Ti to T 4 sympathectomy caused a difference in intensity of the rise in pulmonary blood flow. The right atrial injection of 5-HT was now reduced in intensity, although the pulmonary hypertensive response was not. The left atrial injection now matched the effect of right atrial injection. The mechanism by which upper thoracic sympathectomy reduced the intensity of rise in pulmonary blood flow is discussed below.
4. Subsequent to sympathectomy, acetyl strophanthidin was administered and the responses to 5-HT tested. The intensities of pulmonary hypertensive and pulmonary blood flow responses were not enhanced. The phenomenon of enhancement of 5-HT action by strophanthidin observed in the heart-lung preparation was not encountered in intact dogs.
Discussion
MECHANISMS FOR INCREASE IN PULMONARY BLOOD FLOW
The observed increase in pulmonary blood flow following the injection of 5-HT into the 472 DUTEJX, AVIADO right atrium essentially confirms the observations reported by others in dogs using the indicator-dilution technique 4 -5 and the Fick principle. 0 None of the available reports has identified the mechanism for such an increase. The experiments reported above offer at least four mechanisms that may be occurring simultaneously following the injection of 5-HT.
A. Increase in flow initiated by pulmonary vasoconstriction: This effect was clearly demonstrated by a more intense rise in pulmonary blood flow when 5-HT was injected into the right atrium as compared to the left atrium in the intact dog. This difference was lost following cardiac sympathectomy, so that the augmentation in flow was not simply due to an abrupt forward movement of the blood from the constricted lung vessels because such movement could still occur after sympathectomy. The most probable mechanism is that the increase iu flow initiated by pulmonary vasoconstriction is reflex in nature and is mediated by the upper thoracic sympathetics. Taquini and Aviado 7 postulated that partial obstruction of the main pulmonary artery sufficient to cause an increase in right ventricular systolic pressure can reflexly augment pulmonary blood flow, provided the sympathetics are intact. It is therefore proposed that a similar augmentation occurs following the initial pulmonary vasoconstriction when 5-HT is injected into the right atrium, provided that the sympathetics are intact. B. Increase in flow initiated by peripheral actions of 5-HT: This effect was exemplified by the left atrial injection before and after sympathectomy and by right atrial injection after syinpathectomy. On the other hand, in the heart-lung preparation 5-HT usually caused a decrease in flow. The peripheral mechanisms were not identified further, but the most obvious one, operative in the sympathectomized dog but not in the heart-lung preparation, is a peripheral vascular action of 5-HT causing a primary increase in venous return to the right side of the heart.
C. Decrease in flow by local depression of the heart muscle: This effect was demonstrated by right and left atrial injections in the heart-lung preparation and represents two possibilities: obstruction to flow by the constricted pulmonary vessels and depression of the heart muscle by 5-HT. The former explanation is not likely because if obstruction were the cause, then a more intense reduction in flow would be seen following right atrial injection. The hypothesis proposed by Reid 8 that pulmonary vasoconstriction may be intense enough to reduce pulmonary blood flow could not be proved in the heart-lung preparation. The depression is probably the outcome of depression of the heart muscle.
D. An interference in function of the right ventricle which can be improved by acetyl strophanthidin: This interference could be shown in the heart-lung preparation but not in the intact dog. The observations in the former consist of an enhancement of the pulmonary hypertensive response to 5-HT following acetyl strophanthidin. Such an increase in response is sometimes associated Avith less reduction in flow, but there is also an enhancement of the vasoconstrictor response of 5-HT. The difficulties in demonstrating the phenomenon iu the intact dog suggest that the heart-lung preparation is in partial failure and could be improved by digitalization. The improvement in function of the right ventricle will in turn be reflected in an enhanced pulmonary pressor response.
PULMONARY VASOCONSTRICTION
This point has been touched on in the above discussion of mechanisms for the pulmonary flow. The evidence from the experiments for local pulmonary vasoconstriction consists of the following: (1) Rises in mean pulmonary arterial pressure and ventricular systolic pressure in the heart-lung preparation were not accompanied by any rise in left atrial pressure and were even accompanied by a fall in cardiac output, and (2) there was a rise in mean pulmonary arterial pressure in the intact dog that could not be accounted for entirely by the rise in pulmonary blood flow. These vasoconstricting actions are essentially confirmatory of those reported by others. The new observation is the secondary consequence
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PTJXMONABY HTPEETENSION BT 6-HT of the pulmonary vasoconstriction, i.e., an improvement in right ventricular function from an initial rise in pulmonary arterial pressure.
Summary
The pulmonary hypertensive respouse to fi-HT in the dog heart-lung preparation is largely due to pulmonary vasoconstrietion. There is an unexpected fall in aortic blood flow but no rise in left atrial pressure. In intact dogs the pulmonary hypertensive response is accompanied by an increase in pulmonary blood flow which is in turn partly reduced by upper thoracic sympathectomy. Tt is suggested that the rise in pulmonary blood flow is partly a sympathetic reflex initiated by pulmonary vasoconstriction by 5-HT.
